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CALCULATION OF THE EFFECT OF VISCOUS DRAG ON THE 
PERFORMANCE OF A COAXIAL PLASMA GUN 
amount of gas is injected radially through ports in the inner electrode located a t  the 
breech and assumes a distribution peaked over the ports in about 100 microseconds after 
By Joseph Norwood, Jr. 
Langley Research Center 
SUMMARY 
It is shown that under the assumptions of ionic impact as the dominant emission 
process in coaxial pulsed plasma guns and the second Townsend ionization coefficient 
much smaller than unity, a viscous drag force results which imposes a velocity limitation 
on the accelerated plasma. Calculations a r e  presented to show that for  operating condi- 
tions which optimize efficiency, the effect can seriously degrade the gun performance, 
particularly for  those cases where the stored energy is small and where the current is 
oscillatory during the acceleration. 
I INTRODUCTION 
accelerated into a vacuum. The alternative is to give the gas a chance to diffuse down + 
the barrel  and then switch the capacitor bank. In this case, the current-carrying plasma 
sweeps up mass as it accelerates along the electrodes. 
The early history of gun research was characterized to  some extent by a cut-and- 
t r y  type of approach. It later became evident, however, that the processes occurring in 
the plasma and possibly at  the plasma-electrode boundary must be examined more fully 
in order to  obtain sufficient understanding to be able to design guns correctly. Recent 
work by Bostick (ref. 3) and by Lovberg (ref. 4) typifies this new approach and has added 
greatly to our knowledge of the internal state of the plasma. 
The plasma-electrode boundary effects have not been subjected to a thorough inves- 
tigation. The causes of viscous drag suggested in reference 5 and calculated on a simple 
model in this paper a r e  postulated in order to point out that electrode effects may have a 
very important role in the physics of plasma guns. 
The specific purpose of this paper is not to explain quantitatively experimental 
observations but rather the influence of one effect, the viscous drag, is singled out fo r  
study . 
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SYMBOLS 
cathode area,  meters2 (m2) 
magnetic flux density, tesla (T) 
speed of light, meter/sec (m/sec) 
capacitance, farads (F) 
electric field strength, volts/meter (V/m) 
charge on singly charged ion, coulombs (C) 
drag force, newtons (N) 
Planck's constant, joule-sec (J-sec) 
current, ampere (amps) 
Boltzmann's constant, joules/oK (J/OK) 
L 
LO 
L1 
M 
Mn 
MO 
mi 
N 
n 
ni 
distance over which plasma is accelerated, meter (m) 
inductance, henries (H) 
parasitic inductance, henries (H) 
gradient of inductance, henries/meter (H/m) 
plasma mass,  kilograms (kg) 
nondimensional plasma mass (defined in eq. (11)) 
injected propellant mass, kilograms (kg) 
ion mass,  kilograms (kg) 
number d photons per second (defined in eq. (1)) 
number density per cubic meter 
ion number density per cubic meter 
R ohmic resistance, ohms 
'2 outer electrode radius, meters  (m) 
'1 inner electrode radius, meters (m) 
t time, seconds (sec) 
T temperature, OK 
V velocity, meters jsec (iii/sec) 
V i  ionization potential, volts (V) 
VO capacitor bank charging voltage, volts (V) 
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X 
Y 
Z 
CY 
Y 
7 
qmax 
+ 
P O  
v 
VO 
axial coordinate, meters (m) 
dummy integration variable 
impact frequency, second-1 (l/sec) 
proportion of current carried by ions 
Townsend secondary ionization coefficient 
efficiency 
maximum efficiency 
work function, volts (V) 
vacuum per meability , henrie s/me te r  (H/m) 
frequency, hertz (HZ) 
photoelectric threshold frequency, hertz (HZ) 
THEORY 
In a previous paper (ref. 5), it was  proposed that a drag force exists which acts  on 
an impulsively accelerated plasma in a coaxial gun in such a way as to set  an upper limit 
to the plasma velocity which may be less  than the theoretical upper limit given by the 
electric drift E/B. (See ref, 6.) The approximations embodied in this theory are 
reviewed. 
The plasma is assumed to  be fully ionized and the dynamical effect of collisions is 
ignored. The pressure of the background gas is zero; that is, the plasma is accelerated 
with constant mass into a vacuum. This mode of operation is known as the "slug" mode. 
Because of the extremely high current densities (-lo9 amps/m2) observed in such a 
device, thermionic and field emission mechanisms are discounted and it is assumed that 
electrons can leave the cathode only by the impact of ions or  ultraviolet photons. 
The Townsend secondary ionization coefficient y is assumed to be much l e s s  than 
one. Somewhat scattered data on the values of y have appeared in the literature and 
many of these data seem to  be unreliable (ref. 7). The Townsend secondary ionization 
coefficient represents the number of f ree  electrons liberated f rom the cathode per ion 
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impact. This number, as seen from the data of reference 7, ranges from to 10; 
thus, the approximation y << 1 may be satisfied. 
The ratio of the probability of the impacting ion being reflected as an ion to the 
probability d its capturing an eleqtron and being reflected as a neutral is given in ref- 
erence 8 as exp - where @ and Vi a re  the work function of the material and 
the ionization potential of the incident particle, respectively. Since Vi >> @ for cases 
of interest and kT is of the order of a few electron volts only, the argument of the 
exponential is negative and the probability ratio is very small. This condition then 
implies that the ion will almost certainly be reflected as a neutral. It will be assumed 
that the electron is captured in the ground state and that the impacting ion does not 
impart sufficient energy to the lattice structure of the cathode material to cause sput- 
tering. These assumptions a r e  in accordance with a neglect of radiation loss processes 
and the requirement that the plasma mass  be constant. 
&TVj 
The neglect of radiation loss  can be justified fo r  plasmas which a r e  not contami- 
nated by high-Z material from electrodes or insulators. For  a fully ionized hydrogen 
plasma at a temperature of 10 eV, the bremsstrahlung radiation from a 10-cm3 volume 
is only of the order of 50 watts. This radiation is negligible compared with the power 
input to the gun which can be d the order of 108 watts. 
The angle that the returning neutral makes with the cathode surface is assumed to  
be independent of the angle of incidence of the ion; the reflection is perpendicular on the 
average. (See refs. 9 t o  11.) The kinetic energy corresponding to the axial component 
of velocity of the ion is thus lost to the cathode. The energy necessary for  ionization of 
the neutral is assumed to be small compared with the energy available in the plasma. 
These assumptions together with the Townsend model of a discharge assert that 
the current flowing into the anode will be due to electrons only whereas the current at  the 
cathode will be due, except for  a fraction 7, t o  ions. The contribution t o  electron pro- 
duction at the cathode by photoelectric effect has been ignored up to  this point and must 
now be considered. An admittedly extreme plasma condition will be postulated in order 
to set an upper limit on the amount of electron current which could be produced photo- 
electrically. The number of photons impacting the cathode with energy above the photo- 
electric threshold as a function of plasma temperatiire is fwzd bg rssuming that the 
plasma is radiating as a black body, a condition which may be fulfilled for  a brief time in 
some devices (ref. 12). This number is 
. 
where uo corresponds to the photoelectric threshold, hvo = @. It must be emphasized' 
that this condition could only be obtained in high density (n > 1017 cm-3) plasmas con- 
sisting almost entirely of materials with a high nuclear charge. Such a condition has 
been observed, however, in a coaxial plasma gun. (See ref.  13.) Since for  plasma tem- 
peratures on the order of 5 eV most of the impacting photons a r e  very energetic, the 
efficiency of electron emission is taken as unity. Evaluating the integral by means of the 
tables of Debye and Zeta functions in reference 14 and taking typical values for the cath- 
ode area A = 1 cm2 and the plasma temperature kT = 5 ev yields for the possible 
current at the cathode due to photoelectric electrons 
2 I=- - -  2ne tT)hs O0 dy = lo7 amps 
c2 h @/kT eY - 1 
In other words, the proportion of current carried by the ions at the cathode may be very 
small for guns which feature a large radiation flux. 
By using the previous assumptions, the viscous drag caused by ion impact on the 
cathode can now be written as 
FD = zmivx 
where z is the number of ion impacts per second 
(3) 
Z =  e (4) 
vx is the axial component of 
current carried by the ions. 
the average ion velocity, and a! is the proportion of the 
The parameter a! might assume any value between 0 and 
1. For y << 1 and a low radiation flux, a! would approach unity, whereas either a 
large radiation flux or  a large value of y would cause the current to consist mostly of 
electrons. For this case a would be very small. The absolute value sign on the cur- 
rent in equation (4) is necessary since I is generally oscillatory. 
Another means by which particles may reach the electrodes and produce a drag 
force is by thermal diffusion. In this case the impact frequency z will  be given by the 
product d efflux velocity /mi, ion density ni, and electrode a rea  A. At the high 
ion densities encountered in coaxial guns (ni 2: 1016 to 1017 cm-3) ,  the mean free path for  
ions (or neutrals) is less  than 1 millimeter; hence, for  temperature gradients which may 
be typical in coaxial guns, the impacting particles will  have thermal energies corre-  
sponding to only a few tenths of an eV. Thus, most of the impacting particles may be 
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*neutrals for  which the assumption of diffuse reflection at the electrode surface is not 
likely t o  hold. If A = 30 cm2, ni = 1016 cm-3, and kT = 0.5 eV, the calculation for  
hydrogen yields z % sec- l  which must be reduced because specular reflection of 
neutrals will yield no momentum transfer to the electrode. The impact frequency due to 
ion current I/e for  a current of lo5 amps will be 3 x sec-1; hence, the effect of 
thermal diffusion is ignored. 
The energy equation for  the coaxial gun powered by a capacitor bank is 
+ $Lo + L1x)12 + sot R12dt + M ( g 7  b V 0  - sot I dt)2 1 
2 2c 2 
- cv,2 = 
mi x 
+ a e so I I I g d x  (5) 
where x is the coordinate along the axis of the gun, C is the capacitance of the bank, 
I is the current, R is the total se r ies  resistance (assumed constant), Vo is the volt- 
age to which the capacitor bank is charged, M is the constant mass  of the accelerated 
plasma, Lo is the parasitic inductance, and L1 is the gradient of inductance along x, 
In equation (6) 1-2 and r l  a r e  the outer and inner radii, respectively, of the electrodes 
of the coaxial gun and p o  is the vacuum permeability. The parameter L1 is approx- 
imately constant. Experiments have suggested that the plasma thermal energy is small 
compared with its directed energy; thus, a heating te rm is not included in the energy 
equation (5). 
The momentum equation including the viscous force is 
Taking the derivative with respect to time of equation (5) 
r t  
+ ( L ~ + L ~ X ) I G + ~  L ~ I ~ $ + R I ~ + M - -  d2x dx 
C dt 5 dt2 dt 
V0I = I 
and multiplying equation (7) by - dx yields 
dt 
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Dividing by I and differentiating with respect to time yields 
d2x dI + I dx dI + L ~ I  -+ R - 0 = (Lo + L1x)- + 2L1- -d21 
dt2 dt dt dt2 dt 
CALCULATION OF GUN PERFORMANCE 
Equations (7) and (8) form the set  which is used to describe the electrical circuit 
and dynamics of the system. In order to  ascertain the dependence of the performance 
of a coaxial plasma gun on the viscous drag effect, equations (7) and (8) have been pro- 
gramed for a digital computer. The calculations have been made for  a! = 0 and 1/2. 
The value 1/2 is chosen as being a representative value in view of the fact that the 
assumptions necessary for  a! = 1 a r e  not likely to  be realized completely in a practical 
device. The initial conditions a r e  
1 I(0) = 0 x(0) = 0 (9) 
The parasitic inductance was chosen as typical of efficient design for  the various 
capacitor banks. The gradient of gun inductance being logarithmic is relatively insensi- 
tive, and thus r2/r1 was  chosen as log, r2/r1 = 1 f o r  convenience. The ohmic 
resistance R was also chosen as typical of such systems, 10-3 ohm. The ion mass  
mi is taken as that of atomic hydrogen. 
The results of the calculation a r e  shown in figures 1 to 6 and a r e  given in table I 
in t e rms  of gun efficiency, in percent, defined as 
where dx/dt is measured at  the time the plasma has  acAeved a distance from the 
origin of 40 cm. This distance is taken as an average acceleration length for  such a 
device. In order to minimize ohmic losses, one may wish to terminate the acceleration 
at  the time the current oscillates through zero. This length trimming also serves  to  
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prevent the growth of current plumes from the gun and consequent transverse accelera- 
tion. Since the present study encompasses such a wide range of parameters, this 
method of optimum length selection is impractical in most cases and so an average 
practical length has been selected. 
As has been noted by other authors, the problem of obtaining efficient operation in 
a plasma gun is essentially one of matching the inertia of the plasma to  the "inertia" of 
the electrical circuitry. (See ref. 2.) Too low a mass of plasma will  result in the 
plasma being ejected from the electrode region before an appreciable part of the energy 
of the capacitor bank has been applied. Conversely, too high a plasma mass  will result 
in a low velocity for  a given available energy; thus, - - L1 
back electromotive force 1 I 5 is small compared with the applied voltage; thus, the 
efficiency is small. 
aL - dx 
a t  
will be small. The 
2 a t  
DISCUSSION OF RESULTS 
In figures 1 to 6 the efficiency q has been plotted as a function of the accelerated 
mass. It is seen that the drag effect maximizes for low mass loading as one would 
expect since the velocities a r e  greater for smaller masses than for  larger. 
The hump which appears on several of the curves occurs at  the point where the 
current becomes oscillatory with increasing mass because of increasing current damping 
by the work performed in accelerating the plasma and by the ohmic losses. As the cur- 
rent becomes oscillatory, the time required to accelerate the plasma increases rapidly. 
The consequent drop in average acceleration tends to make the ratio of the joule heating 
t e rm to the work term,  in the energy equation, larger than it would otherwise be. 
The optimum mass loading from the point of view of maximum efficiency is seen to 
be from 1 pg to 10 pg for  all cases except that shown in figure 5. This value agrees 
within a factor of about 10 with the results of an analytical and experimental study which 
are shown in figure 7 replotted from the data of reference 15. In f igures  6, 9, and 10 of 
reference 15, calorimetrically measured efficiency is plotted against a dimensionless 
parameter M,, _ _  which is related to M, the mass loading by 
where 2 
L1 = 2.18 x 
is the length over which the plasma is accelerated. For curves 1 to  6, 
H/m; for curves 7 to  9, L1 = 5.4 X loe7 H/m. For curves 1 to  3, 
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2 = 30 cm; f o r  curves 4 to 6, 2 = 46 cm; for  curves 7 to  9, 2 = 20 cm. Curves 1, 4, aQd 
7 correspond to VO = 2.5 X 104 V, whereas curves 2, 5, and 8 and curves 3, 6, and 9 have 
Vo = 2 x lo4 V and Vo = 1.5 x lo4 V, respectively. 
A comparison of gun performance with and without viscous drag is summarized in 
table II. The comparison is made at the point of maximum efficiency of the curves fo r  
CY = 1/2. As  can be seen from the fourth column of the table, the effect may vary f rom 
approximately 0 percent to  almost 30 percent. Again the case of figure 5 is singular 
with an effect of l e s s  than 1 percent. It would seem that for high energy systems the 
circuit is less  sensitive to the dynamics of the plasma and at the higher mass  loadings 
necessary to utilize the larger energy, the M d2x - t e rm dominates over the viscous drag 
te rm in equation (7). 
dt2 
The large drag effect f o r  all mass  in figure 2 may be explained. The drag force 
depends on the square root of the stored energy through the current; thus, the ratio of 
energy input to viscous drag to stored energy increases with decreasing energy storage 
and figure 2 is a case for which the stored energy is small. 
CONCLUDING REMARKS 
It has been shown that if ionic impact is the dominant mechanism for  electron 
emission and the Townsend secondary ionization coefficient is much less  than 1, then a 
drag force exists in coaxial plasma guns which may pose a limitation on the attainable 
plasma velocities. This effect is not limited to coaxial devices; it will also occur in a 
rail-type plasma gun since the difference is merely one of geometry. It may be expected 
to be stronger in those cases where the radiation flux is small. If an efficient circuit 
design is assumed, that is, a low ratio of parasitic inductance to load inductance and a 
high ratio of impedance to resistance, the study also concludes that peak efficiencies may 
be realized with plasma masses of 1 pg to 10 pg. 
drag effect may be far from negligible, especially for  moderately small  stored energy 
and/or those cases where the transition to  oscillatory current occurs at low mass 
numbers. 
Even at these masses ,  the viscous 
It must be emphasized that these resul ts  apply only to  the ffslugf' mode of operation 
and not to a "snowplow" mode in which the accelerated mass  is a function of distance. 
The effect of energy losses due to heating and line radiation has been ignored in this sim- 
plified treatment even though the radiation loss  may be very severe. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., June 27, 1966. 
10 
4 REFERENCES 
1. Marshall, John: Hydromagnetic Plasma Gun. Plasma Acceleration. Sidney W. Kash, 
ed., Stanford Univ. P res s ,  c.1960, pp. 60-72. 
2. Lovberg, R. H.; Hayworth, B.; and Gooding, T.: The Use  of a Coaxial Gun f o r  Space 
Propulsion. Rept. AE62-0678 (Contract NAS-5-1139), Space Sci. Lab., 
Gen. Dyn./Astronaut., May 15, 1962. 
3. Bostick, W. H.: Hall Currents and Vortices in the Coaxial Plasma Accelerator. Phys. 
Fluids, vol. 6, no. 11, Nov. 1963, pp. 1598-1603. 
4. Lovberg, R. H.: Schlieren Photography of a Coaxial Accelerator Discharge. Phys. 
Fluids, vol. 8, no. 1, Jan. 1965, pp. 177-185. 
5. Thom, K.; Norwood, J.; and Jalufka, N.: Velocity Limitation of a Coaxial Plasma Gun. 
Phys. Fluids (Supplement), vol. 7, no. 11, Nov. 1964, pp. S67-S70. 
6. Lovberg, R. H.: Impulsive MHD Devices as Space Engines. Third Symposium on 
Advanced Propulsion Concepts, vol. 1, Gordon and Breach Sci. Publ. (New York), 
c.1963, pp. 95-113. 
7. Brown, Sanborn C.: Basic Data of Plasma Physics. The Technology P r e s s  of MIT 
and John Wiley & Sons, Inc., c.1959. 
8. Massey, H. S. W.; and Burhop, E. H. S.: Electronic and Ionic Impact Phenomena. The 
Clarendon P r e s s  (Oxford), 1952. (Reprinted 1956.) 
9. Holister, Geoffrey S.; Brackmann, R. T.; and Fite, Wade L.: The Use of Modulated 
Atomic-Beam Techniques for the Study of Space-Flight Problems. 
GA-1024(AFOSR-TN-59-1033), Gen. Dyn., Oct. 14, 1959. 
10. Chopra, K. P.: Interactions crf Rapidly Moving Bodies in Terrestr ia l  Atmosphere. 
Rev. Modern Phys., vol. 33, no. 2, Apr. 1961, pp. 153-189. 
11. Schaaf, Samuel A.; and Chambr6, Paul L.: Flow of Rarefied Gases. Sec. H of 
Fundamentals of Gas Dynamics, Howard W. Emmons, ed., Princeton Univ. Press ,  
c.1958, pp. 687-739. 
12. Oertel, G. K.: Radiation Losses From Plasmas Consisting of High-Z Materials. 
Bull. American Phys. SOC., ser. 11, vol. 9, no. 3, iS64, p. 340. 
13. Jalufka, N.; Norwood, J.; and Oertel, G.: Spectroscopic Observations on a Pulsed 
Coaxial Plasma Gun. Bull. American Phys. SOC., ser. II, vol. 9, no. 3, 1964, p. 340. 
14. Abramowitz, Milton; and Stegun, Irene A., eds.: Handbook of Mathematical Functions 
With Formulas, Graphs, and Mathematical Tables. Natl. Bur. Std., Appl. Math., 
Ser. 55, U.S. Dept. Com., June 1964. 
11 
L 
15. Michels, C. J.; Heighway, J. E.; and Johansen, A. E.: Analytical and Experimental 
Performance of Capacitor Powered Coaxial Plasma Guns. Presented at Second 
Annual Meeting and Technical Demonstration, American Inst. Aeron. Astronaut. 
(San Francisco, Calif.), July 1965. 
12 
2 x 
4 x 
6 X 
8 X 
1 ,-3 
1u 
5 x 
10-1 
1 
I 10 
~ 102 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
TABLE I.- COMPUTED RESULTS 
Figure 1;  1 CV: = 50 joules 2 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
5 x 
2 x 
4 x 
6 X lom3 
8 X 
2 x 
4 x 
6 X 
8 x 
10-1 
5 x 10-1 
lo2 
lo3 
104 
1 
10 
930 
600 
4 90 
409 
320 
280 
251 
2 30 
173 
118 
89 
72.1 
64 
29.7 
20.6 
6.21 
1.76 
.39 
.049 
i 
~~ 
8.65 
18 
24 
33.5 
41 
47.1 
50.3 
52.6 
59.9 
55.7 
47.6 
41.6 
40.9 
44.2 
42.4 
38.6 
31 
15.2 
2.4 
Figure 2; i CVo2 = 0.5 joule 
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Figure 1.- Gun efficiency as a funct ion of accelerated mass for cases 1 to 19. C = 1 pF; Vo = 10 kV; and lo = 40 nH. 
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Figure 2.- Gun efficiency as a function of accelerated mass for cases 20 to 31. C = 1 pF; Vo = 1 kV; and Lo = 40 nH. 
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Figure 3.- Gun efficiency as a function of accelerated mass for cases 32 to 41. C = 10 pF; VO = 10 kV; and L,J = 10 nH. 
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Figure 4.- Gun efficiency as a function of accelerated mass for cases 42 to 51. C = 10 pF; Vo = 5 kV: and = 10 nH. 
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Figure 5.- Gun efficiency as a function of accelerated mass for cases 52 to 56. C = 100 vF; VO = 10 kV; and LO = 4 nH. 
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Figure 6.- Gun efficiency as a function of accelerated mass for cases 57 to 63. C = 100 DF; Vo = 1 kV; and LJ = 4 nH. 
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